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Introduction
Electronic conduction in ferromagnetic transition metals is understood in terms of the Mott two channel model [1] , where spin-up and spin-down electrons propagate in two, largely independent, channels with di↵erent resistivities. This conception provides the fundamental underpinning for the functional behaviour exploited in spintronic technologies, such as giant magnetoresistance, that have developed and evolved rapidly in recent decades.
In real ferromagnetic systems, the two spin conduction channels become intermixed to some extent if the spin states of the electrons are not maintained in scattering events. Such spin-flip scattering leads to a loss of the spin-based di↵erentiation of the electronic states exploited in spintronics, which ultimately limits the functional performance of spintronic devices. In many systems such spin-flip scattering results from the interaction of electrons with spin-waves resulting in so-called electron-magnon scattering [2] . Thus for spintronics technology, an understanding and ideally the minimization of spin-flip scattering is important for the design of e cient devices.
Technological needs are driving the performance and scaling of spintronic devices far into the nanoscale regime, both in terms of film thicknesses and the lateral dimensions of structures and devices. For example, the continual increase in hard disk data density requires increasingly high sensitivity magnetoresistive read heads, while a non-volatile magnetic random access memory (MRAM) that is competitive with current semiconductor dynamic random access memory (DRAM) requires minimum feature sizes of the order of ten nanometres. The reduced lengthscale can a↵ect the separation of the spin channels, which reduces device e ciency [3] . A thorough understanding of spin-flip scattering in nanoscale magnetic materials is thus highly topical for spintronics development.
Spin-dependent conduction underpins the physical basis for the observation of anisotropic magnetoresistance (AMR) in ferromagnetic materials [4] [5] and laid the foundations for the later discovery of giant magnetoresistance and the whole field of spintronics [6] . The sensitivity of anisotropic magnetoresistance to twochannel conduction provides a tool for studying and understanding variations of spin-dependent transport, such as the influence of alloying [7, 8, 9] and nonmagnetic doping of ferromagnets [5] . However, despite theoretical developments explaining anisotropic magnetoresistance, a fuller understanding of the thickness dependence of AMR for ferromagnetic thin-films with thicknesses on the nanoscale is needed. The sensitivity of AMR to the intermixing of the spin-polarised conduction channels provides a tool to study changes of the spin-dependent conduction within a material, which has relevance to spintronic applications of ultrathin ferromagnetic films.
Anisotropic magnetoresistance is typically characterized quantitatively by the AMR ratio ⇢/⇢. In general, the AMR ratio ⇢/⇢ of sputtered or evaporated ferromagnetic thin-films is significantly lower than that measured in the equivalent bulk ferromagnet, which has been attributed to increased scattering due to an increased density of grain boundaries and impurities [10] . Further, it is commonly observed that the AMR ratio ⇢/⇢ decreases with decreasing film thickness in the ultrathin regime which was traditionally explained solely by an increase of the resistivity ⇢ [4] , as the resistivity anisotropy ⇢ was observed to be constant in the thickness range of about 10 200 nm [11] , although this result has been questioned [12] . However, more recently a decrease of ⇢ for ultra-thin films with t < 10 nm has been measured by several authors [3, 13, 14] .
Building upon the theoretical developments described earlier, Rowan-Robinson et al. suggested that the decrease of ⇢ originates from increased spinflip scattering associated with reducing film thickness. They implemented a phenomenological thickness dependence for the spin channel intermixing, which scaled approximately with the thickness dependence of the resistivity. This gave good agreement with the experimental data on ⇢/⇢ [3] . However, while the mechanism of enhancement of electron-magnon scattering was supported by the observation of reduced spin-wave sti↵ness from temperature dependent magnetisation measurements, this approach cannot provide any quantitative description of the thickness dependence of the resistivity, or model the e↵ective thickness dependence of ⇢. However, significantly, RowanRobinson et al. noted that the onset of discontinuities within the structure of the thinnest films is likely to be associated with the reduced spin-wave sti↵ness.
In this paper the role of film structure on the spin channel intermixing in ferromagnetic thin-films is studied as a function of film thickness, using AMR, to understand the role of mesoscopic film structuring on the spin dependent conduction. Experimental data for thermally evaporated NiFe films are presented as examples of the variations of the resistivity and the AMR as a function of film thickness. A model is developed to describe the magnetotransport, this combines a physical approximation for the thin-film structure emerging from growth, with a structural dependence of the spin-flip scattering. This structuralmagnetotransport model gives good agreement with the experimental data.
The Role of Mesoscopic Structuring on the Intermixing of Spin-Polarised Conduction Channels in Thin-Film Ferromagnets for Sp 2. Anisotropic magnetoresistance and spin channel intermixing Anisotropic magnetoresistance (AMR) describes the resistivity change of ferromagnetic materials upon variation of the relative orientation of the current and magnetization. The AMR-ratio is usually defined as
where
is the resistivity anisotropy [5] . The resistivity in the configuration of a current parallel to the magnetization (⇢ k ) is generally higher than in the perpendicular configuration (⇢ ? ), leading to a positive resistivity anisotropy and AMR-ratio [4] .
Anisotropic magnetoresistance requires spin-dependent conduction [1] . It is based on the different resistivity of the spin-up and spin-down conduction channels [15] . In strong ferromagnets, which are most commonly applied in spintronic devices, the density of d -states at the Fermi energy E F is strongly spinsplit. At E F the spin-up band structure does not have any d -states into which scattering can occur, and thus this channel has a higher conductivity compared to the spin-down channel which does have d -states at E F into which spin-down conduction electrons can scatter [7, 8, 9] .
Anisotropic magnetoresistance is caused by spinorbit interaction induced mixing of spin-up and spindown d -states, as first formulated by Smit [16] . The anisotropy of the scattering rates into the spin-mixed d -states creates an anisotropic contribution to the resistivity [5] .
In terms of the Mott two current model, anisotropic magnetoresistance can be described by the equations:
which is known as the Campbell-Fert-Jaoul model. ⇢ " and ⇢ # denote the resistivities of the spin-up and spin-down sub-bands, respectively. ⇢ "# is the spinflip resistivity, and is a constant determined by the relative strength of spin-orbit interaction with respect to the ferromagnetic exchange field [5] . The intermixing of the spin channels, described by the spin-flip resistivity ⇢ "# , is due mainly to electronmagnon scattering [17, 7] . As seen from equation (3), it leads to the reduction of the resistivity anisotropy ⇢. Measurements of ⇢ can therefore be used as an indicator of changing spin channel intermixing. In contrast, from equation (2), it is clear that there is no strong e↵ect of ⇢ "# on the resistivity ⇢, as both the numerator and the denominator increase with increasing ⇢ "# . In essence, a strong intermixing equalizes the properties of the spin channels, thus diminishing magnetoresistive phenomena like AMR that originate from the different resistances of the spin-up and spin-down conduction channels.
Experimental methods
NiFe alloys with composition around Ni 0.8 Fe 0.2 (Permalloy) are well suited to magnetoresistive devices due to the relative large AMR ratio coupled with high permeability and low magnetostriction [10] . Here magnetoresistance in Ni 0.8 Fe 0.2 was studied experimentally as a function of nominal film thickness.
NiFe samples were deposited onto cleaned thermally-oxidized Si substrates by high vacuum thermal evaporation. The substrates were maintained at room temperature during deposition. The growth pressure was 5 ⇥ 10 7 Torr and the growth rate of 0.4Å/s. The sample thickness was determined using a quartz crystal thickness monitor that was calibrated using x-ray reflectivity measurements.
Resistivities were measured using a standard inline 4-probe method. A magnetic field of 50 mT was used for the magnetoresistance measurements, this was much larger than the field required to saturate the samples. The AMR was measured by rotating the plane of the samples through an angular range of 180 in the magnetic field. Surface profiles of the thinfilms were measured using an atomic force microscope (AFM) in tapping mode.
Experimental results: Film resistivity, magnetoresistance and morphology
The thin film resistivity as a function of thickness is shown in figure 1 .
Note that the resistivity increases over almost two orders of magnitude. This e↵ect cannot be explained by the established FuchsSondheimer or Mayadas-Shatzkes models, as shown by the modelled lines on the figure 1.
For the AMR, the corresponding resistivity anisotropy is shown in figure 2 .
⇢ is constant for thicknesses down to 10 nm and decreases for thicknesses t < 10 nm. For the thinnest sample deposited (nominal t = 2.9 nm) a measurement of ⇢ was impossible due to the very high sample resistivity. Note also that in general the sampleto-sample variations were larger than the electrical measurement errors. From the resistivity and the resistivity anisotropy the AMR ratio is obtained as a function of thickness, see figure 3 .
Considering now the film structure, an image of
The Role of Mesoscopic Structuring on the Intermixing of Spin-Polarised Conduction Channels in Thin-Film Ferromagnets for Sp the surface of a film of thickness t = 2.9 nm is shown in figure 4 . At this thickness the film structure consists of a series of interconnected islands. This reflects the mode of growth, which includes limited opportunity for surface motion of the arriving adatoms as the substrate is at room temperature.
5. Thickness dependent resistivity and mesoscopic film structure An increasing resistivity with decreasing film thickness in thin metal films is a long known phenomenon. The explanation in terms of electron scattering at the film boundaries, first suggested by Thomson [18] , has attracted much interest. The most significant theoretical formulation was made by Fuchs [19] by solving the Boltzmann transport equation, which was later extended by Sondheimer [20] and, with Sondheimer's convenient approximations, has been widely used to interpret thin-film conductivity data [21, 22, 23, 24] . An interpretation of the resistivity increase incorporating scattering at grain boundaries was formulated by Mayadas and Shatzkes [25, 26] . For polycrystalline films grain boundary scattering commonly dominates over surface scattering, and thus experimental resistivities have often been interpreted in terms of the Mayadas-Shatzkes theory [27, 28, 29, 30, 31, 32] .
However, it has been noted that both theoretical models fail to match the sharp increase of resistivity for the thinnest of films [33] and that includes the resistivity data on NiFe films presented here in figure  1 .
The dramatic increase in resistivity for the thinnest films is attributed to the growing importance of the mesoscopic film structure and specificially macroscopic surface roughness. When the thickness variation becomes comparable to the sample thickness, the macroscopic surface variations can dominate the electric properties of the sample [34, 35, 36, 33, 37] . In this context, the term macroscopic surface roughness is to be understood as roughness on a length scale that is greater than the mean free path of the conduction electrons. For this reason the macroscopic roughness can be treated separately from the microscopic roughness [36] . The influence of microscopic roughness can be calculated in a statistical manner using the linear Boltzmann transport equation, as demonstrated by Fuchs [19] .
On the other hand, the macroscopic roughness can be treated using macroscopic analysis, e.g. by discretization and applying Kirchho↵'s first law [36] .
The influence of macroscopic surface roughness was modeled in a simplistic manner by Namba assuming a macroscopic sine-wave like surface variation Experimental thickness dependent anisotropic magnetoresistance ratio ⇢/⇢ of thin NiFe films.
The
along the current direction [35] .
This approach clearly oversimplifies the film structure, but it has been applied to interpret experimental data by several authors [38, 39] .
Elsom et al. have pointed out the importance of a realistic model of the surface structure to account for the more complicated thickness dependent conduction behavior of real films, including percolation e↵ects.
They developed a conduction model, based on a very simple model for the sample structure, which showed good agreement with resistivity data for several materials [36] .
6. A phenomenological model for the macroscopic structure of thin-films In order to investigate the influence of macroscopic roughness on spin-channel intermixing, a model for the film structure that reproduces the main features of thin film structure is needed. Atomic scale models are capable of describing the growth process in great detail, however, typically a large number of parameters are needed for a good representation of the film morphology [40, 41, 42, 43] and such a detailed description of the growth process is not justified when only the main macroscopic features of the films need to be represented. Thus a much simpler model can be developed.
Here the surface structure simulation methodology is based on the Elsom model [36] , where the morphology is modelled with a random distribution of individual islands. Each island is approximated as a truncated cone of base diameter, D, and a fixed thickness, H. For the simulation of film structure a number of these islands are placed in random locations.
The number of the islands depend on the film thickness. When the simulated structure 'grows' the cones overlap and form a continuous film.
This very simple structural model represents the real sample structure of thin films fairly well. The only substantial discrepancy between model and reality lies in a di↵erence in contrast between the highest and lowest features. In the simulation, the tallest accumulations of islands are substantially more pronounced. Also, it is noted that even for thicker films voids are present in the simulations. In these uncovered areas of the sample, no deposition has occurred during the simulation. Both of these features are observed to a reduced extent in real films, due to the migration of surface atoms. On average, such surface atom migration is likely to reduce the tallest features and fill the voids, leading to a somewhat smoother surface. To address these deficiencies of the simple model, two new extensions to the Elsom model have been implemented:
• Growth of individual islands. Each island is modeled to grow to double its original size after it has been deposited. The time scale at which the growth takes place corresponds to a deposited thickness of about 3 4 nm.
• Reduced probability of deposition on top of an existing island. While a new island will be randomly located on an empty substrate, deposition on top of previously added island can take place but with a reduced probability, chosen to be p = 10 %. In the case of no deposition, a new random location is chosen and the concerned time step is repeated.
The addition of these rules remedies the discrepancy between the real and simulated films regarding the extent of the highest and lowest features. While the growth of individual islands is a reasonable assumption for real films, the reduced probability of deposition on top of an island is clearly an artificial addition with little direct physical meaning. However, it may be considered as an equivalent of reduced surface migration onto pronounced structures and/or enhanced migration into voids. The addition of this rule has a similar e↵ect to surface migration in a real film. But most importantly it provides a simple rule set to create more realistic macroscopic structures. The parameters needed in the model were obtained from fitting to the experimentally observed structural data from AFM measurements. The cone base diameter (D) distribution was modelled as a Gaussian fitted to the experimental island size distribution, as shown in figure 5 . While the profile of the individual islands was matched to the measured island shape, as shown in the inset of figure 5. With these parameters the extended model was used to simulate
The Role of Mesoscopic Structuring on the Intermixing of Spin-Polarised Conduction Channels in Thin-Film Ferromagnets for Sp For example, a simulation of a nominal 3 nm thick film is shown in the top panel of figure 6 and compared with an AFM scan of the surface structure of a 3 nm NiFe thin-film. First, note for such ultra-thin films (e.g. t = 3.0 nm) that the macroscopic surface roughness is comparable to the average sample thickness.The comparison shows that the macroscale features are comparable, while the high spatial resolution of the AFM also shows some microscale topological features in the real film. Thus, with the additions to the Elsom model, the structural modelling here provides a good representation of the mesoscopic structure of the real films.
7. Modelling the macroscopic structure dependence of resistivity and AMR From figure 6 it is clear that for very small thicknesses the films show strong nanostructuring, which becomes less significant for thicker films. Such strong structuring in ultra-thin films may be expected to resemble assemblages of interconnected nanoparticles, while thicker films approach the bulk material behavior. This macroscopic structuring will have a direct effect upon the effective resistivity, as a continuous conductive sheet becomes a network of conductive pathways as the thickness decreases.
More signficantly, it is recognized that both magnetic nanoparticles and nanowires can exhibit a Figure 6 : Upper, simulated surface structure of a simulated structure with thickness t = 3.0 nm. Lower, atomic force microscopy surface image measured on a 3 nm NiFe film. All dimensions are given in nm.
significantly reduced saturation magnetization [44, 45, 46, 47, 48] . This e↵ect is usually associated with strong magnetic disorder and spin-glass like behaviour at the nanoparticle surface [49, 50, 51, 52] . Such magnetic disorder lead to an increase in the magnon density of states, which has often been measured indirectly through the magnetization temperature dependence [45, 46, 47] .
Thus increased disorder arising from the macroscopic structuring that occurs in ultrathin films will increase the density of magnon states. Within such nanostructured networks, the smallest scale features will produce local increases of the magnon density of states, which will enhance the spin-flip scattering and hence increase the mixing of the spin conduction channels. This will affect all spin-dependent magnetotransport effects. This will result in a local reduction of the anisotropic magnetoresistance.
A further increase in electron-magnon induced spin-flip scattering is also expected from the electronic confinement in extremely thin films [53] . However this
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Here the e↵ects of the film structure and the associated magnetic disorder of a film have been incorporated into a model to describe the resistivity and anisotropic magnetoresistance of thin-films with mesoscopic structuring. This electrical transport model uses the modelled film structures described in section 6 and assigns a local AMR ratio that depends upon the e↵ective cluster size. For regions above a certain size, the bulk AMR ratio is assumed, while for decreasing cluster size the local AMR ratio decreases. The critical cluster size was used as a fit parameter. The electrical current flow through the simulated structures was calculated in order understand the e↵ect of the macroscopic surface roughness. It has to be noted that the length scale of the simulated sample roughness (i.e. the island size) is well above the bulk electron mean free path. In addition to the macroscopic roughness, a microscopic roughness also leads to Fuchs-Sondheimer-type scattering. A value for the bulk electron mean free path of = 1 nm was calculated by extrapolation from the resistivity the ·⇢ data in ref. [54] . To obtain the local conductivity, total di↵use scattering within the Fuchs-Sondheimer model was assumed, which is a good approximation in most cases [55] .
In order to calculate the sample resistivity, a square grid of resistors connected at the adjacent voltage nodes was defined. The resistance of the resistor was obtained from the value of the local resistivity, which was calculated with the FuchsSondheimer model using the local thickness from the structural simulation. The nodes at two opposite edges of the sample form the conductive contacts and according boundary conditions are applied. When Ohm's law is applied to each resistor and Kirchho↵'s rule to each node, a (sparse) linear system of equations with 3n
2 , where n is the grid size, variables and equations is found. n = 100 was used throughout this work. A relaxation method was used to solve the system and find the current flow through each resistor. The resistance of the sample was found simply from the applied voltage and the overall current flowing between the contacts. Knowing the lateral dimensions, the average sample thickness was used to calculate the resistivity from the resistance. Largescale ensemble testing with over 1000 simulated film structures for each thickness was used to account for statistical variations.
Magnetotransport simulation results
The electrical transport model developed was used to simulate the magnetoresistive response of NiFe thinfilms as a function of film thickness. Figure 7 shows examples of the simulations of the structure, AMR ratio and the distribution of electrical power dissipation for 3 nm and 8.5 nm thin-films. The structural simulations, figure 7(a) 3 nm and 8.5 nm (b), show the mesoscopic structuring resulting from island growth and the presence of voids in the thinner film. Figure 7(c) and (d) show the simulated distributions of the AMR ratio values in the 3 nm and 8.5 nm films respectively. The AMR values are assigned in the model according to the reasoning and methodology described in section 7. In essence, the AMR ratio reduces as a function of size for smaller structural clusters because of increased spin-mixing due to enhanced electron-magnon scattering that is the result of increased magnon density in magnetic nanostructures. It is clear that the AMR ratio is lower than the bulk value and highly variable across the 3 nm film compared to the 8.5 nm thick film.
The anisotropic magnetoresistance response of a film depends upon the AMR ratio distribution and, critically, upon the pathways of current flow. The overall resistance is determined by the resistive pathways through films and a good measure for the local contribution to the overall resistance is the locally dissipated power density. The local power dissipation is shown in figure 7 (e) and (f). The conduction is very inhomogeneous for the thinnest films, like a percolative network, where almost all the power dissipation occurs at a few bottlenecks of conduction. These bottlenecks of conduction are typically thin, poorly conductive parts of the sample. As the overall sample resistivity is mainly determined by the bottlenecks, it is strongly enhanced in the very thin films. This resistivity increase mainly originates from the macroscopic surface structuring. The inhomogeneity of conduction diminishes for thicker films as the film develops into a continuous layer, thus the relevance of the macroscopic surface roughness decreases and the film resistivity approaches the bulk value.
Returning to the magnetoresistive response of a film, this is determined by the current flow and the AMR ratio along the current pathway. The main mechanism for increased spin channel intermixing for ultra-thin films becomes clear from a comparison of the power dissipation shown in figure 7 (e) and (f) with the local AMR ratio in figure 7 (c) and (d). The resistivity of the sample is mainly determined by the conduction bottlenecks, which are typically not part of the larger cluster structures. Rather they form the most nanostructured part of the sample. By their nature these nanoscopic conduction bottlenecks are
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Comparison between Simulations and Experiment
The structural-electrical transport model was used to simulate the e↵ective resistivity and the anisotropic magnetoresistance as a function of film thickness for comparison with experimental results from NiFe thinfilms. The symbols in figure 8 show the measured electrical resistivity of NiFe films as a function of nominal film thickness. The error bars on the film thickness are estimated from the x-ray reflectivity calibration of the deposition rate monitor. The solid line in figure 8 shows the simulated resistivity as a function of film thickness. The simulated resistivity agrees well with the measured results. This analysis shows that almost all of the increase in the resistivity for the thin films is due to the geometrical e↵ects of the mesoscopic structuring, while only 1 5 % of the resistivity increase is attributed to the microscopic surface roughness described by the Fuchs-Sondheimer model.
A comparison of the experimental and modelled thickness dependence of the magnetic resistivity anisotropy, using the same model parameters as in figure 8 , is shown in figure 9 . The solid line again represents the simulated thickness dependence, which reproduces the characteristic fall in the experimental resistivity anisotropy for thicknesses below t = 10 nm. This thickness may be viewed as the onset of a transition from a coherently structured film to a more strongly nanostructured and thus magnetically disordered system.
The origin of this transition lies in the macroscopic surface structuring, which dominates the structure of the thinner films. The magnetic disordering leads to enhanced spin-channel intermixing, which in turn decreases the magnitude of magnetoresistive e↵ects.
To comprehend any changes in the AMR it is most helpful to study the dependence of the resistivity anisotropy ⇢, however, for applications the AMR ratio is the most commonly quoted parameter. Here the experimentally derived AMR ratio is compared with the model, see figure 10 . Again the agreement is good and the results show that the e↵ective AMR ratio falls to zero as a function of nominal film thickness.
Finally, other mechanisms for the enhanced magnetic disorder were also investigated. These include a simple thickness-dependent ansatz, where the local AMR ratio was assumed to be dependent of the thickness. Agreement with the experimental data could not be achieved with such a model. This confirms, that not the decreased thickness in itself, but the nanostructuring of the thin films leads to the increased spin-channel intermixing.
Conclusion
It has been shown that mesoscale surface structuring in ferromagnetic thin-films can lead to a reduction of AMR for thinner films. The mechanism for this reduction is due to spin channel intermixing which increases in thinner films due to an increase in electronmagnon scattering, which is linked to an enhancement of the magnon-density in the thinner, more structurally and magnetically disordered films.
A simple but realistic model for the film structure was presented. Most of the necessary parameters for the model could be obtained from structural investigation of the evaporated films. Using this model for the film structure we have calculated the thickness dependent film resistivity and magnetoresistance anisotropy, both in good agreement with experimental results for thermal evaporated NiFe films. We have shown that the resistivity and the spin-flip scattering are both dominated by the mesoscopic structuring of thin films. This is a significant result towards the goal to fabricate highly e cient spintronic devices based on reduced spin channel intermixing. The sample-to-sample variations are bigger than the electrical measurement errors.
